[1] We develop a new simple method for inferring the orientation of a magnetic flux rope, which is assumed to be a time-independent cylindrically symmetric structure via the direct single-point analysis of magnetic field structure. The model tests demonstrate that, for the cylindrical flux rope regardless of whether it is force-free or not, the method can consistently yield the axis orientation of the flux rope with higher accuracy and stability than the minimum variance analysis of the magnetic field and the Grad-Shafranov reconstruction technique. Moreover, the radial distance to the axis center and the current density can also be estimated consistently. Application to two actual flux transfer events observed by the four satellites of the Cluster mission demonstrates that the method is more appropriate to be used for the inner part of flux rope, which might be closer to the cylindrical structure, showing good agreement with the results obtained from the optimal Grad-Shafranov reconstruction and the least squares technique of Faraday's law, but fails to produce such agreement for the outer satellite that grazes the flux rope. Therefore, the method must be used with caution. 
Introduction
[2] A magnetic flux rope is a structure with magnetic field lines (MFLs) wrapping and rotating around a central axis to form a helical magnetic structure [e.g., Hones, 1977; Hones et al., 1982; Hughes and Sibeck, 1987] . It is generally considered as a product of magnetic reconnection in the eruptive energy processes, e.g., magnetospheric substorm [e.g., Schindler, 1974; Moldwin, and Hughes, 1993; Nagai et al., 1994; Lee, 1995; Lin et al., 2008; Gekelman et al., 2012] . It is observed ubiquitously in space plasma environment, e.g., in Earth's (magnetized planet) magnetotail [e.g., Slavin et al., 2003; Zong et al., 1997 Zong et al., , 2004 Zhang et al., 2007] , and in the Venus (unmagnetized planet) induced magnetotail [Zhang et al., 2012] , in the cusp region [e.g., Zong et al., 2003] , in magnetopause as flux transfer events (FTEs) [e.g., Russell and Elphic, 1979a; Lockwood and Hapgood, 1998; Slavin et al., 2009] , in solar wind as magnetic cloud [e.g., Burlaga, 1988; Lepping et al., 1990] , even in the ionosphere of unmagnetized planet [e.g., Russell and Elphic, 1979b; Vignes et al., 2004; Wei et al., 2010] .
[3] Accurate estimation of the axis orientation of a flux rope is vital in studies of its origin and evolution, as well as in exploring the dynamics of magnetic reconnection. However, this issue is still not well resolved.
[4] Currently, the most widely used single-point method to infer the axis orientation of a flux rope is the minimum variance analysis of magnetic field (BMVA) [Sonnerup and Cahill, 1968] , which was originally developed to analyze the orientation of plasma discontinuity with the yielded three orthogonal eigen directions, i.e., L (maximum variance direction) , M (intermediate variance direction), and N (minimum variance direction). However, actual application demonstrates that, depending critically on the spacecraft (S/C) path and the magnetic field structure, any of the three eigen directions of BMVA is fairly close to the actual axis orientation [e.g., Moldwin and Hughes, 1991; Xiao et al., 2004; Pu et al., 2004] . To avoid the uncertainties of BMVA, the method using the current density instead of magnetic field to perform minimum variance analysis (MVA) is suggested to be a better choice [Xiao et al., 2004; Pu et al., 2004] . Some researchers argued that performing MVA on the unit magnetic vector (bMVA), i.e.,b B= B j j ð Þ , can yield more reasonable results than that of BMVA [e.g., Lepping et al., 1990; Gulisano et al., 2007] .
[5] Besides minimum variance analysis, fitting methods [e.g., Burlaga, 1988; Burlaga et al., 1990; Lepping et al., 1990; Wang et al., 2002 Wang et al., , 2003 Slavin et al., 2003; Zhang et al., 2008] also have been used for the orientation analysis based on the force-free field models. However, one cannot assure that the detected structure of a flux rope always fits well with the force-free model.
[6] Some methods based on the physical laws are also presented. For example, the Grad-Shafranov (GS) reconstruction method developed recently [Hau and Sonnerup, 1999; Hu and Sonnerup, 2002] can yield the axis orientation of flux rope and recover the optimal map of field distribution in the cross-section by solving the GS equation. However, a trial and error scheme is needed to search for the axis orientation, for which the total transverse pressure p þ versus magnetic potential function A displays minimum scatter. The multispacecraft GS technique [Sonnerup et al., 2004; Hasegawa et al., 2005] may yield a better resolution than the singlespacecraft GS technique. The resulting optimal map, however, no longer obeys the GS equation precisely. According to the GS reconstruction techniques, Li et al. [2009] also have introduced a flux rope orientation inferring techniques with the residue defined by field invariants for a specified flux rope model. Sonnerup and Hasegawa [2005] presented a least squares technique for the determination of axis orientation based on the Faraday's law, r Â E = À @ B/@ t = 0, which, under the assumption of time-independent flux rope with a 2-dimensional structure, requires the intrinsic axial electric field, E z , to be constant in space and time.
[7] Based on the multipoint measurements of Cluster tetrahedron, some multipoint analysis methods are presented [e.g., Shi et al., 2005; Zhou et al., 2006; Shen et al., 2007] , where the derived higher order physical quantities, e.g., the direction of magnetic field gradient [Zhou et al., 2006] , the characteristic directions of magnetic field spatial variation [Shi et al., 2005; Shen et al., 2007] , etc., are the key parameters to infer the orientations of flux rope. The validity of those methods requires the size of the Cluster constellation to be much smaller than the typical size of flux rope; otherwise, the assumption of linear variation would result in comparable errors.
[8] Although the currently known single-point methods can afford a possible way to infer the axis orientation, the method that is based on the direct analysis of MFLs' geometric structure to infer the orientation is still unavailable. Meanwhile, in contrast to the multipoint analysis of the Cluster mission, most current satellite missions do not have the unique multisatellite configuration like Cluster and thus rely on single-point method for flux rope analysis. For this reason, it is useful to improve the single-point method based on the direct analysis of field geometric structure, which is the main goal of this research.
[9] In the following, based on the assumption of cylindrical symmetry, the theory of the method is presented first. Then, to demonstrate the accuracy and practicability of the new method, model tests and application to true cases are carried out to compare with some known methods. The yielded results demonstrate that our method is reasonable and applicable, but should be used with caution.
Approach

Method Assumptions
[10] Considering the loop-like magnetic structure of the flux rope, it is convenient to adopt the cylindrical coordinateŝ r;ŵ;ẑ f gfor orientation analysis, wherer ,ŵ , andẑ are referred to as the unit vector of radial, azimuth, and axis direction, respectively. As shown in Figure 1 , one well-known model is the model of cylindrical force-free field ((r Â B) Â B = 0). However, the actual detected flux rope is generally variable and complicated, e.g., some may have two-dimensional closed loop field structure, while others may have a flux rope embedding in the outer closed loop field [Zong et al., 2004] , and it may not be force-free field [e.g., Slavin et al., 2003; Lui et al., 2007] . Thus, to simplify the study and relax the confinement of force-free field, some reasonable assumptions need to be made as stated below:
1. The magnetic field lines of a flux rope rotate about a common axis forming a spiral structure. The axis is in a fixed direction during the passage of S/C. 2. The spacecraft trajectory across the flux ropes is straight, so that the unit direction of relative velocityv (v ¼ V=V) to flux rope is constant, and the spatial position along the trajectory can be computed by integrating V(t). 3. The magnetic structure is stable and unchanged during the passage of S/C; the flux rope is an ideal cylindrical symmetry, the magnetic field strength, B, is independent of the coordinate ' and z, i.e.,
[11] The known data are the single-point measurement of magnetic field vector and the relative velocity of S/C to flux rope. Hence, the key issue is how to use these known data to infer the axis orientation of flux rope.
Method
[12] The helical MFLs of flux rope have their intrinsic handedness of helicity. As shown in Figure 2 , the handedness of MFLs is of right-hand if the current density is parallel to the axis field, which points out of the page (Figure 2a ), while it is of left-hand if the current density is antiparallel (Figure 2b ). The unit direction of magnetic field,b (b ¼ B=B) and the unit direction of relative velocity,v (v ¼ V=V) comprise two components, i.e., the parallel components b k , v k and perpendicular components b ⊥ , v ⊥ , being parallel and perpendicular to the Figure 1 . The interior structure of flux rope (adapted with permission from Russell and Elphic [1979b] ). axis orientation, respectively. As sketched in Figure 2 in the projection of cross-section, no matter what the helical handedness is, b ⊥ would be parallel or antiparallel to v ⊥ at the innermost of the flux rope (O ' point), so that the product of v ⊥ Á b ⊥ / v ⊥ b ⊥ would reach the extreme at the innermost. One question is naturally raised: does the product ofvÁb also reach the extreme at the innermost along the path? If it indeed does, the innermost location can be identified by checkingvÁb timing series, and the axis orientation should lie in the plane constituted byv andb, which is then the unit magnetic vector in the innermost location. Thus, along the path of S/C, it is worth checking the variation ofvÁb, which is expressed aŝ
where, θ is the angle between the axis orientation and the local magnetic vector, f is the angle between v ⊥ and b ⊥ , b is the unit scalar ofb (b = 1). Particularly, for the ideal closed loop field structure (θ = 90 ), b k = 0, the termvÁb ¼ v ⊥ cosf will reach the extreme at the innermost location. However, generally, θ and f vary simultaneously along the S/C path, that is, θ and f are functions of the distance to the innermost position, L, along the path in the cross-section (see Figure 2) .
[13] We should recall that, becausev has been assumed to be constant, the parallel component v k and perpendicular component v ⊥ are supposed to be constant accordingly. Taking the partial derivative of L at both sides of equation (1) and considering b = 1, we can get
[14] At the innermost location, the radial directionr is perpendicular to v ⊥ (see Figure 2) , i.e., ( @r @L )~0; meanwhile, f is 0 or 180 there. Therefore, all the three terms on the right side of equation (2) equal to zero, which meansvÁb would reach the extreme in the innermost location along the path.
[15] Therefore, by checking the plot ofvÁb along the path, the time when S/C is in the innermost location can be identified. The correspondingb at that time is indicated asb in . Becauseb in⊥ andv ⊥ are toward the same direction at that time, so, the axis orientation should lie in the plane that formed by thev andb in , i.e., the actual axis orientationn, the magnetic field direction at the innermostb in , and the direction of relative velocityv are coplanar, as sketched in Figure 3 . Therefore, one direction perpendicular to the axis orientation can be determined byê 1 ¼v Âb in vÂb in j j , and we may define it as one minor orientation.
[16] As shown in Figure 3 , we may construct an orthogonal coordinate systemê 1 ;v; ;n 0 f g , wheren 0 ¼ê 1 Âv . In Note, all the unit vectors are coplanar (end of arrows are connected with dashed lines) except forê 1 .n 0 ,v, andê 1 constitute an orthogonal system satisfyingn 0 ¼ê 1 Âv, whilen, e 2 andê 1 also constitute an orthogonal system satisfying witĥ n ¼ê 1 Âê 2 . The angle betweenn 0 andn is defined as Ψ.
such coordinates, the actual axis orientationn and the other minor orientationê 2 can be expressed aŝ
where, Ψ is the angle betweenn 0 andn. Obviously, if Ψ is known, thenn andê 2 can be derived from equation (3). To achieve this task, we would reexamine the sketched diagram in Figure 2 .
[17] From Figure 2 , along a given path, at time of t i , the position of S/C is at P point. While at the time of t in , S/C is in the innermost location (O ' point) with the distance to the axis center (O point) being r 0 defined as the impact distance. The relative spatial vector pointing from
It should be noted that, if the impact distance at time of t i can be evaluated as r 0i , then the evaluated impact distance should keep constant along the path for the ideal cylindrical symmetry type. In view of this, we may construct a residue equation as
where M is the number of data points, and r 0
[18] From Figure 2 , the impact distance can be calculated by
at time t i . Where f i is the angle between ⇀ PO ′ and ⇀ OO ′ , and L i is the distance of P to O′ in the cross-section, which can be expressed as
[19] For the case of Figure 2a , at time t i , supposing a flux rope with a circular symmetry, f i equals the angle between b i⊥ and v ⊥ , and can be derived as
[20] For the case of Figure 2b , we can similarly get
[21] Combining equations (6)- (8), equation (5) can be expanded as
[22] Because the axis orientationn is a function of Ψ (see equation (3)), so s 2 is also a function of Ψ . Thus, the axis orientationn can be calculated numerically by making s 2 reach the minimum s 2 m . One should note that, at the time of t in , i.e., when S/C is just at the innermost location, the numerator and denominator of equation (5) are zero. Equation (5) becomes indeterminate. So the data at time of t in should be skipped when computing equation (4).
[23] Through the numerical calculation, two directions of axis orientation are obtained. They are antiparallel to each other. In view of this, we would like to choose the direction which basically points along theb in as the axis orientation, and we may define it aŝ
[24] Therefore,ê 2 can be further yielded accordingly aŝ e 2 ¼N Âê 1 . It should note that, here, the meaning ofN is different from that of N as referred in the MVA method (see section 1).
[25] Now that the axis orientation is inferred, the parallel component and azimuthal or perpendicular component of field can be obtained as
[26] With equations (5)- (6), the local distance of S/C to the axis center can be derived as
[27] Furthermore, considering r Â B = m 0 j, @/@z = 0, @/@ ' = 0, the parallel and perpendicular or azimuthal current density can be derived as
[28] From equation (12), @r % r i+1 À r i . Therefore, by combining equations (11) and (12), the current density can be numerically calculated via equation (13).
Summary of Method
[29] Accordingly to the above analysis, the steps of the new method to infer the orientations of flux rope can be summarized as follows:
1. Checking the time series ofvÁb to find the time t in when vÁb reaches the extreme, and the corresponding unit magnetic vectorb in . Therefore, one direction perpendicular to the axis orientation can be determined byê 1 ¼v
2. Constructing an orthogonal coordinatesê 1 ;v;n 0 f gwherê n 0 ¼ê 1 Âv. In such coordinates, the actual axis orientationn and the other perpendicular orientationê 2 can be expressed asn ¼n 0 cosΨ þvsinΨ andê 2 ¼ Àn 0 sinΨ þ vcosΨ , where Ψ is the angle betweenn 0 andn 3. Constructing a residue equation as (4)- (9), where M is the number of data points, r 0i is the inferred impact distance (the closest distance of the path to the axis center), and
4. Numerical adjustment of Ψ making residue function s 2 (Ψ) minimum to find the final axis orientation,N , which basically points alongb in , and also find the radial distance to the axis center, r i , from equation (12).
Model Test
[30] To check the accuracy and validity of the method, two classic cylindrically symmetric models of flux rope have been tested along three different paths as shown in Figure 4 . For path 1, the location of S/C is linearly varied from (x = 0, y = -2, z = 0) R E to (x = 0, y = 2, z = -2) R E . For path 2, it is linearly varied from (x = 1, y = 2, z = 0) R E to (x = 1, y = -2, z = -2) R E . While, for path 3, it varies from (x = 2, y = -2, z = 0) R E to (x = 2, y = 2, z = 0) R E . Thus, the unit direction of relative velocity for the path 1, path 2, and path 3 arê v 1 0; 0:8944; À0:4472 ð Þ ,v 2 0; À0:8944; À0:4472 ð Þ , and v 3 0; 1; 0 ð Þ, respectively. The Y-component of relative velocity, V y , for all the three paths are assumed to be constant as 0.2 R E /s. Therefore, the time interval for the three paths is 20 s, and the relative velocity of S/C for path 1, path 2, and path 3 are V 1 = V 2 = 0.2239 R E /s, V 3 = 0.2 R E /s, respectively. The recorded data resolution is 1 s.
[31] The two tested classic models are: [Lundquist, 1950] [32] This model is one specific solution of force-free field r Â B = aB with the assumption of cylindrical symmetry, which can be expressed as
[33] For the test, we arbitrarily adopt
2. Elphic and Russell (E-R) Model [Elphic and Russell, 1983; Russell, 1990] [34] This non-force-free model was constructed with an intense core field inside
[35] For the test, a = R E , b = R E , B 0 = 10 nT are arbitrarily adopted.
[36] As a comparison, the technique of BMVA [Sonnerup and Cahill, 1968] , bMVA [e.g., Lepping et al., 1990; Gulisano et al., 2007] , and GS reconstruction [Hu and Sonnerup, 2002] are also used (see section 1). For the GS reconstruction, the axis orientation is the direction, for which the total transverse pressure P t versus magnetic potential function A displays minimum scatter. Here
, p is plasma pressure and
is the axis component of magnetic pressure. Because the plasma data are unavailable from both flux rope magnetic field models, we can take P t ¼ rm 0 dr. Because the explicit integral expression could not be found, the plasma pressure needs to be numerically calculated for the GS reconstruction application. The results yielded from these methods for both models are arranged in Table 1 . Evidently from Table 1, being independent of S/C path in both models, our method can consistently yield the correct axis orientation as the model demanded. In contrast, being strongly dependent on the S/C path, the axis orientations yielded by the technique of BMVA, bMVA, and the GS reconstruction are unstable. Particularly, either of the eigen directions L, M, and N yielded by BMVA or bMVA is fairly close to the actual axis orientation.
[37] Apart from the analysis of axis orientation, the impact distance of the path at a given time can be found from equation (9). Figure 5 shows the time series of inferred impact distance of the three paths for both models. It is clear that the inferred impact distance for a given path always keeps constant showing good agreement with the known crossing conditions. One should note that due to the singularity at the time of 10 s when S/C are just in the innermost location, the data at that time have been skipped, leading to a gap of impact distance found at that time. Because the impact distance can be estimated accurately, accordingly, the local radial distance and current density have been actually evaluated correctly via equations (12) and (13) (not shown here) .
[38] It should be reminded that because the magnetic field at the innermost location (y = 0) for the three paths is just recorded, the direction ofê 1 andn can be found accurately. If the data point at the innermost is not recorded (due to the data resolution), then a minor deviation of t in would be read from vÁb time series, and a deviation ofê 1 would be obtained accordingly. To minimize such deviation, we suggest using the magnetic field data of higher-resolution if available or adopting interpolation technique to yield the data of higher resolution.
Applications
[39] The core assumption of the new method is the cylindrical symmetry, which may be reasonable for interplanetary flux rope but may not be an evident aspect of flux rope embedding in current sheet, e.g., flux rope in magnetotail current The GS reconstruction is adopted as that described by Hu and Sonnerup [2002] . See text for the detail. [Kivelson and Khurana, 1995] . The flux rope embedding in current sheet could be "pinched off" by the external lobe field, and may be plausibly described by an elliptical-like structure [e.g., Moldwin and Hughes, 1991; Kivelson and Khurana, 1995] . Due to the interaction with surrounding plasma, some studies demonstrate that the magnetic structure of flux ropes or magnetic clouds are of highly noncircular cross-sections [e.g., Mulligan and Russell, 2001; Riley et al., 2004; Owens and Cargill, 2004; Owens et al., 2006; Ugai, 2010] . Thus, the general structure of actual flux rope is believed to be noncylindrical symmetry, and it is unclear whether our method can be applied to the real case. To check this issue, in this section, we will apply the new method to an event of two successive FTEs, which were detected by the four satellites of the Cluster mission during the period of 07:00-07:10 UT on 8 March 2003. This event has been investigated previously with techniques of the optimal GS reconstruction [Sonnerup et al., 2004; Hasegawa et al., 2006] and the least squares of Faraday's law .
[40] During this interval, the Cluster is approximately located at [7.1, 2.5, 7.4] R E in GSE coordinates with spacecraft separation about 5000 km. [41] The application requires the velocity of S/C relative to flux rope to be known and the validity of the assumption of quasi-stationary structure (@/@t = 0). Therefore, one has to do the DeHoffmann-Teller (HT) analysis [Khrabrov and Sonnerup, 1998 ]. Because the assumption of quasi-stationary can be checked by the HT analysis, the velocity vector V HT of HT frame could be seen as the velocity of the flux rope. The quality of HT frame can be indicated by the correlation coefficient, c, between À V HT Â B and À v Â B (v is the bulk plasma velocity), an acceptable quality of HT frame empirically requires c ≥ 0.9. For this event with C1 HIA data [Reme et al., 2001 ], Sonnerup and Hasegawa [2005] showed that the HT analysis gives V HT1 = (-226.6, 116.8, Comparing with V HT , the velocity of S/C in GSE is ignorable (~1 km/s), thus the relative velocity of S/C to FTEs can be well seen as V = -V HT . In contrast, from Figure 6 , the lower plasma velocity, stronger magnetic field, and the less pulse-enhanced magnetic field variation of C3 suggest that C3 locates at the side of magnetosphere and grazes FTEs. As a result, the inferred -V HT of C3 measurement, being expectable to be much less than that of C1 (Figure 6f) , cannot be seen as the velocity of the FTEs. The HIA data of C4 is unavailable during that interval. For this reason, we may assume that the three Cluster S/C are crossing the FTE with the same relative velocity, -V HT , as that derived with only C1 data.
Determining the Innermost Location
[42] Accordingly to the procedures as summarized in section 2.3, taking the measurement of C1 as an example, we will check the time series ofvÁb first for the FTE1. For the test of the above flux rope cylindrical models, the time series ofvÁb only has one extremum, which corresponds to the innermost location. However, for the crossings of true flux rope, the yielded time series ofvÁb may have multiple extreme points, besides the one corresponding to the innermost. Evidently, as shown in Figure 7a , three extrema of vÁb time series are present at the times A, B, and C, respectively. Thus, one has to check the three extrema one-by-one to find, which one corresponds to the innermost location. To make the time series ofvÁb more smooth, the technique of spline interpolation is adopted (time resolution 0.2 s, thin green line), so thatb in could be estimated more accurately.
[43] To determine which extreme point corresponds to the innermost location, one has to read the correspondingb in and e 1 first from the interpolated data (0.2 s), and then take them back to the original 4 s data set to find the corresponding axis orientation. By the check of the projectedb on the cross-section of the corresponding inferred axis orientation, the corrected extreme point can be judged. The inferred results for the three extremes are listed in Table 2 , wherein the adopted 4 s data interval of FTE 1, with a length of 36 s, is centered at each extreme point. Based on the inferred axis orientations with our new method for the three extreme points, the projection of measured unit magnetic vector,b, on the cross-section of the inferred axis orientations is correspondingly plotted on Figure 8 . From Figure 8 and Table 2 , it is clear that the axis orientation yielded from extreme B-point is reasonable, which evidently shows the loop-like structure on the crosssection with smallest residue error among the three points. Thus, we argue that the time of B-point is likely the moment when S/C is at the innermost location.
[44] From alternative perspective, the direction of field bipolar variation is along the direction ofê 1 , which is expected to be consistent with the local magnetopause normal direction. With the MVA analysis of C1 magnetic field during 06:53:11-06:55:49, the local magnetopause normal given by Sonnerup and Hasegawa [2005] is (0.6444, 0.2446, 0.7245) in GSE. The angles between the normal vector and the inferredê 1 for the three extreme points A, B, and C, are 20.0 , 8.6 , and 32.1 , respectively, which implies the Bpoint is more plausible to be the time when S/C are in the innermost location.
[45] One should note that the time of B-point is around the time of peak field strength (Figure 7a) . Therefore, for flux ropes, the extreme points ofvÁb time series should be checked preferentially around the time of B-peak.
Results of Inferred Axis Orientations
[46] With the same procedures as done for C1, the axis orientations inferred from the other satellites measurements are obtained accordingly for both FTEs. The yielded results are listed in Table 3 . However, with the C3 measurement for both FTEs, the procedures failed to yield the reasonable axis orientation for both FTEs, so the yielded results of C3 The time of the extreme points ofvÁb time series. b The adopted interval is centered at the time of tin with length being 36 s. cN is the inferred axis orientations (see equation (10)). Vector components are given in GSE coordinates.
are not listed in Table 3 . Because thevÁb time series of C3 is more flat (e.g., see Figure 7b for FTE1), and the impulse enhanced field strength is less than that of C1, C2, and C4 (see Figure 6d ), we infer that C3 may graze both FTEs, and making the "outer" measurements, which is consistent with the following magnetic vector projection on the cross-section of inferred axis orientation (see Figure 9 ). As a comparison, the results yielded by the optimal GS reconstruction and the technique of Faraday's law, as quoted from Sonnerup and Hasegawa [2005] , are also listed in Table 3 . It is clear from Table 3 , with our method for both FTEs, that the yielded axis orientations from the measurements of C1, C2, and C4 are basically the same as that yielded from optimal GS reconstruction and the technique of Faraday's law. Meanwhile, for measurements from each S/C, the yielded residue error of the impact distance, s m , is evidently less than the average impact distance, which means the assumption of cylindrical symmetry is valid and acceptable for the crossings of C1, C2, and C4.
Implications of Results
[47] Figure 9 shows the projection of unit magnetic vector, b, measured by the four S/C in the path, on the cross-section of each inferred axis orientation. Obviously, the loop-like field structure on the cross-section can be reasonably found via our single-point method for the measurements of C1, C2, and C4, which demonstrates that our method is basically reasonable and applicable. In contrast, our method fails for the measurements of C3, which is just grazing the FTEs. Therefore, at least for this case, it seems that the cylindrical symmetry is still an acceptable assumption for the inner field structure of flux rope (detected by C1, C2, and C4) as being less affected by the external field.
[48] It should be cautioned that for both FTEs, although the detected magnetic vector in the path can be well approximated by the cylindrical symmetric structure seen along the yielded axis orientation, one still cannot ensure that the whole structure of flux rope has a cylindrical symmetry. Two related aspects should be noted. First, because the shape of Cluster tetrahedron can be assumed to be unvaried during the transient FTE crossings, the yielded directions of e 1 for all the S/C should be the same if the FTEs are of ideal cylindrical symmetry. In contrast to FTE1, the yielded directions ofê 1 from the three S/C for FTE2 are almost the same (see Table 3 ), which implies that the structure of FTE2 is closer to the cylindrical symmetry. Consistently, the yielded axis orientations from the three S/C for FTE2 are more similar than that of FTE1. Our results for FTE2 are also in good agreement with the ones that are derived from the optimal GS reconstruction and the technique of Faraday's law. The time when S/C located in the innermost of FTEs. b The adopted interval is centered at the time of tin with length being 36 s. The inferred axis orientations (see equation (10)). Vector components are given in GSE coordinates. Second, not all the yielded axis orientations from the three S/ C are strictly reasonable. Taking Figure 9b for FTE1 as an example, the spatial variation of C2's magnetic vector indicates that the axis is above (in the direction ofê 1 ) the C2's path, whereas the variation of C1's magnetic vector indicates C1's path is basically crossing the axis that is below the C2's path. The main reason might be that the structure of FTE1 is not the ideal cylindrical symmetry. Therefore, considering the complicated structure of actual flux rope, the more accurate axis orientation should be self-consistently yielded by the multipoint observation if the multipoint measurements are available, and our method needs further update for the multipoint measurements.
Summary and Discussion
[49] In this study, we present a new method to infer the axis orientation of cylindrical flux rope based on singlepoint analysis of magnetic field structure. The tests of two classic cylindrical models demonstrate that our method can consistently yield the axis orientation for any crossing path comparable to the techniques of BMVA, bMVA, and GS reconstruction. In addition, the method has the ability to evaluate the local radial distance and the current density (see equations (12)- (13)). The application to an event of two successive FTEs demonstrates that the method is more appropriate to be used for the inner part of the flux rope, which might be closer to the cylindrical structure, but fails for the measurement of the outer part/boundary field, as any other present method. For further applications, several points should be noted as follows:
1. Checking ofvÁb time series is necessary. Generally, data series obeys the order: external field-boundary/outer field-inner field for entering into flux rope, and the reverse order for exiting from the flux rope. Because the external field is generally uniform, the time series of vÁb should be valley-like or peak-like (e.g., Figure 7) . Thus, by the check ofvÁb time series, one could first judge whether a detected magnetic structure belongs to the flux rope category before the analysis. On the other hand, if the multipoint measurements are available, for the S/C crossing the inner part of flux rope, the yielded vÁb time series is changing more significantly than that Figure 9 . For both FTEs, the projection ofb, measured by the four S/C in the path, on the cross-section of each axis orientation, which is inferred only by the measurements of C1 (a and e), C2 (b and f), and C4 (c and g), respectively, and that inferred by the optimal GS reconstruction with multi-S/C measurements (d and h, see Table 3 ). The measurements of C1, C2, C3, and C4 are labeled as the red, green, blue, and black colors, respectively.
of S/C grazing flux rope (see Figure 7b ). Thus, with comparison of multipoint measurements, the check ofvÁb could also help to evaluate the distance of S/C to the axis center roughly. 2. As we have shown in the applied study, for the actual flux rope crossing, the time series ofvÁb may have multiple extreme points. Therefore, one should be careful to determine, which extreme point corresponds to the innermost location. The best way is to check these extreme points one-by-one as we do for the C1 measurements of FTE1. For flux ropes, the extreme points ofvÁb around the time of B-peak should be checked preferentially. Moreover, for a flux rope embedded in a current sheet, if the normal of current sheet is available, one may get the quick judgment of the reliability of an extremum point by comparing the direction ofv Âb in to the normal. 3. It should be reminded that our method tries to find an axis orientation of flux rope, along which the detected magnetic vector in the path can be well constructed by a cylindrical symmetry structure. However, the actual structure of flux rope is complicated and generally believed to have noncylindrical symmetry, thus it should be applied with caution. The studied cases demonstrate that, for the actual applications, the assumption of cylindrical symmetry might be acceptable for the inner field of observed flux ropes, but violated for the outer/boundary field. 4. With the minimum residue error s m , a dimensionless parameter |s m |/hr 0 i is constructed as an indicator for the quality of cylindrical symmetry assumption. The smaller the parameter, the better is the assumption of cylindrical symmetry. 5. Due to interaction with surrounding plasma, the field structure near boundaries of flux ropes may deviate from the cylindrical structure evidently. Using our method, the boundaries of flux ropes can be also evaluated. Because the impact distance r 0i can be derived from equation (5), if the studied interval including boundaries, a systematic trend near the boundary is to be expected in r 0i when plotted versus time. In the same way, if the flux rope is significantly noncircular, a systematic trend is also to be expected in r 0i versus time inside the flux rope region. Then plotting r 0i versus time looks to be important to control both the locations of the boundaries and the circularity of the analyzed event. If r 0i versus time shows a significant trend near a boundary, the time interval can be accordingly reduced, then s 2 minimized again, then r 0i versus time checked again. In the reverse way, the time interval can be increased up to the detection of a trend near the boundaries. Therefore, with a very limited number of iterations, the flux rope region can be determined from our method. Then, the deduced boundaries can be compared to traditional ways of determining them. 6. When S/C is nearly passing orthogonally to the flux rope, e.g., along Y-axis with impact distance, x (see path 3 in Figure 3 ), if b ⊥ has an almost linear dependence with the radial distance, r, in the path, then we would havê vÁb ¼ v y b ⊥ x r , which almost keeps constant. Therefore, it would be not so easy to find t in by checking the rather flat time seriesvÁb. Therefore, our method would fail for such special case. Nonetheless, such case is special, and so unlikely to occur. 7. We may generalize the axis orientation in equations (4)- (9) as a function of two independent variable angles, i.e., n θ 1 ; θ 2 ð Þ. Considering the neighboring measurements, the impact distance at time t i can also be evaluated from
Δt is the neighboring interval, Δf is the angle between the neighboring b ⊥ . Therefore, a residue equation as a function of θ 1 , θ 2 can be constructed accordingly. Then, through numerical adjustment ofn θ 1 ; θ 2 ð Þ making residue function s 2 (θ 1 ,θ 2 ) minimum, the final axis orientation can be found. Although thevÁb extremum can be avoided to be read from the much flat series, much more calculation would be involved in the generalization. The generalization needs to be detailed more in future studies. 8. It should be noted that when the S/C is crossing a flux rope of strictly elliptical cross-section along its semi-major or semi-minor axis directions, our method still has the ability to yield a consistent axis orientation. Given a strictly elliptical flux rope whose cross-section satisfying x Because the term L i tanΦ i is actually the impact distance for the transformed cylindrical type, the obtained time series of impact distance r 0i for the elliptical flue rope should keep constant, which guarantees the validity of our method. 9. Finally, the assessment of the method accuracy needs further analysis before applying it broadly to observations, although the application to an event of both FTEs demonstrates that our method is reasonable and applicable.
